Recent experimental studies of fluorocarbon ͑FC͒ plasmas etching various substrates suggest that ions will transport initially bound fluorine ͑F͒ through overlying FC films, thereby defluorinating these films and inducing fluorination reaction with the underlying substrate material. Simulations of thermal CF 2 on Si with simultaneous bombardment by energetic Ar ϩ demonstrate this defluorination phenomenon, showing that F is separated from adsorbed CF 2 and mixed into the underlying Si, initiating etching. Additionally, this creates dangling bonds on the surface where CF 2 may adsorb. Thus, our simulations show that F and C uptake is enhanced by energetic rare gas ion impact, the number of Si-F bonds is greatly increased, and the resultant Si etch rate is higher than expected from physical sputtering alone. The results are compared to experimental measurements made under similar conditions, and the mechanisms of ion-induced F transport are identified.
Dielectric film etching with fluorocarbon-containing plasmas has received a great deal of attention over the past decades, [1] [2] [3] [4] however, the mechanisms of etching and deposition in fluorocarbon plasmas are generally not understood due to the complexity of the gas phase and surface processes. The balance between deposition and etching is known to depend on the composition of the impacting neutral radicals and ions, the ion energy, and the substrate composition and temperature. However, physically based models of these surface processes have been difficult to develop and test systematically.
We present molecular dynamics ͑MD͒ simulations of the Ar ϩ ion bombardment-induced transport of fluorine through a fluorocarbon ͑FC͒ film above a silicon substrate. Ar is a common additive when etching dielectric films with gases such as C 4 F 8 or C 4 F 6 . The role of Ar ϩ in defluorinating the overlying FC films was postulated based on x-ray photoelectron spectroscopy ͑XPS͒ measurements made after etching various substrates in an inductively coupled plasma etch system. These measurements, which are described in detail elsewhere, [3] [4] [5] [6] showed a profound difference in surface composition between a pure FC plasma and an Ar-containing FC plasma.
We will present simulations of FC ions in a later article, but for now we focus on the isolated effects of Ar ϩ ions on FC films. We attempt to model these effects by comparing simulations of silicon being bombarded by thermal CF 2 alone, or a mixture of thermal CF 2 . The bare surface is ͑100͒ Si that has been amorphized with 200 eV Ar ϩ ions, representing a ''sputter-cleaned'' surface. In this way, any influence on the results due to surface defects or crystal orientation is removed. Initially, the cell is ten monolayers deep and contains about 640 atoms. As Si is etched, crystalline Si is added to the bottom. We use the reactive interatomic potential for Si-C-F from Abrams and Graves 7 with the updated C-F parameters in Tanaka et al. 8 In practice, it is assumed that energetic ions are neutralized by an Auger mechanism within a few angstroms of the surface and are therefore interacting with the surface as neutrals. 9 A Molière potential is therefore used between Ar and all other atoms. 10 In each impact the incident species ͑either CF 2 or Ar͒ is introduced above the surface and given a prescribed kinetic energy. Kinetic energies for thermal species are assigned from a MaxwellBoltzmann distribution around 300 K. For thermal species, the motion of all atoms is followed until the species either attaches to the surface with a stable bond or is scattered. For energetic species, the motion is followed for 0.5 ps. In impacts with Ar ϩ , the inert atom is removed before the next impact, and a heat bath is applied to return the cell to 300 K. 11 Further details of the calculation are discussed a͒ Author to whom correspondence should be addressed; electronic mail: graves@uclink.berkeley.edu APPLIED PHYSICS LETTERS VOLUME 84, NUMBER 7 16 FEBRUARY 2004 elsewhere. 7 We present here results from three cases:
͑1͒ The ''control'' case, in which thermal CF 2 impacts the Si surface in the absence of Ar ϩ ; ͑2͒ Ar ϩ at 20 eV and normal incidence is brought in with thermal CF 2 at a neutral/ion flux ratio of 9:1. This energy is meant to approximate the plasma's floating potential, representing a simulation of ions impacting an unbiased surface, 12 and ͑3͒ Ar ϩ at 200 eV and normal incidence is brought in with thermal CF 2 at a neutral/ion flux ratio of 9:1. This energy represents a typical rf-biased substrate under etching conditions. 5 Starting from the bare surface, we compare each case after a CF 2 fluence of 200ϫ10 15 cm Ϫ2 ͑i.e., approximately 200 monolayers of fluence͒. We will present results with higher fluences and a wider range of species in a later article. Surface uptake of C and F and the loss of Si in each case are compared in Fig. 1 , along with corresponding snapshots of the cells at the final fluence. In the control case ͓Fig. 1͑a͔͒, slightly more than one monolayer of C adsorbs on the Si surface. The incoming species are not dissociated, leaving all of the F in the form of -CF 2 groups. No Si-F bonds are formed, and no Si is etched. With the addition of 20 eV Ar ϩ , F and C atoms from the adsorbed CF 2 become separated from one another on the surface and are transported to the Si, creating Si-F and Si-C bonds. This low energy is below the sputtering threshold, so while the overall F/C ratio in the film on the surface remains steady at about 2:1, the F is redistributed into -CF 2 , -CF, and -SiF x groups. The creation of -SiF x groups in the subsurface Si results in the creation of dangling bonds on the surface, raising the CF 2 sticking coefficient. More than two monolayers of carbon are adsorbed in this case, as shown in Fig. 1͑b͒ .
When the ion energy is increased to 200 eV, the trends observed at 20 eV are enhanced: additional F is separated from C on the surface, and the C uptake increases. More than six monolayers of C are incorporated by the end of the simulation ͓Fig. 1͑c͔͒. The cell side views in Figs. 1͑b͒ and 1͑c͒ highlight the difference in surface effects when Ar ϩ energy is increased from 20 to 200 eV. In both cases CF 2 impacts the surface at thermal energy ͑300 K͒. The additional CF 2 sticking probability is due to the creation of surface dangling bonds by energetic Ar ϩ . Another notable difference at high ion energy is appreciable substrate etching. This etching can be interpreted as chemically enhanced physical sputtering, because CF 2 does not etch Si spontaneously and all etch products leave the surface within the simulation time scale of 0.5 ps after the Ar ϩ impact. 13 The physical sputtering yield of pure Si with Ar ϩ at 200 eV is about 0.11 atoms Ar ϩ . This yield is shown in Fig. 1͑c͒ along with the actual Si etch rate from the simulation. ͑Note that the slope of the Si etch rate curve is proportional to the etch yield defined as the number of Si atoms removed per incident ion.͒ At small CF 2 fluence, the simulated etch yield is higher than physical sputtering alone, due to the abundance of F in the ion impact zone. At higher CF 2 fluence, etching yield is reduced, apparently because of the presence of surface carbon.
From the images of the simulation cells after 200 L of CF 2 in Fig. 1, we important conclusions can be drawn about the effects of energetic Ar ϩ bombardment. First, the depth of the siliconcarbon-fluorine layer increases from about 15 to about 30 Å. High energy ions appear to transport F through the carbon film into the silicon, and a second F peak forms under the surface. Analysis of the bond distributions corresponding to Fig. 2 shows that Si-F, Si-C, Si-F, and C-C bonds all increase with ion energy while C-F bonds decrease. Finally, the Si etch rate increases with ion energy as illustrated in Fig.  1 . Each of these changes has been observed in surface XPS measurements made under plasma etching conditions. 5, 6 A major conclusion reached by Oehrlein et al. in the analysis of their data is that the fluorine in the FC films that form on surfaces exposed to FC plasmas can act as etchant for the underlying substrate due to the ion-induced defluorination and transport into the substrate. In support of this conclusion, we note an almost 1:1 correspondence between Si-F bonds created and C-F bonds destroyed when the ion energy is increased from 20 to 200 eV. From Figs. 1͑b͒ and 1͑c͒, we note that the total F uptake between the two cases is nearly identical, yet the redistribution of F is clear from the depth profiles in Fig. 2 . Energetic Ar ϩ appears to mix the adsorbed carbon and fluorine components to a depth depending mainly on the ion energy. However, an increase in mixing would seem to be associated with homogenization rather than segregation. The resolution of this apparent paradox seems to be related to relative bond strengths. The fluorine reacts with and remains bound to silicon deeper in the layer whereas the C bonds to itself and to Si in the nearer-surface region. Both Si-F and Si-C are stronger than C-F bonds, suggesting that the ion-induced mixing is simply promoting the formation of the most thermodynamically favored bonds. We suspect that fluorine is more mobile because it forms only one bond whereas C is tetravalent, but details of this complex, coupled transport, and reaction process must await further analysis.
In summary, we have presented results from MD simulations of thermal CF 2 and Ar ϩ ions impacting Si surfaces.
Our simulations showed good qualitative agreement with many phenomena observed in analogous plasma experiments. The addition of Ar ϩ increases the sticking coefficient of thermal CF 2 , leading to higher surface incorporation of F and C. Increasing ion energy from 20 to 200 eV increases the thickness of the mixed Si-C-F layer, defluorinates the FC film, and turns C-F bonds into Si-F bonds. Formation of Si-F bonds results in an increase in Si etch rate. The MD simulation results support the suggestion that F in FC surface films can act as etchant to the underlying substrate. However, the concomitant formation of near-surface Si-C and C-C bonds will tend to protect the underlying substrate from direct attack by etchants from the plasma. The net effect of ion-induced defluorination of FC films in overall etch rate and etch rate selectivity may depend on other factors. 
